A solid-state crystal growth (SSCG) method has been utilized to prepare (K 0.45 Na 0.55 ) 0.94 Li 0.06 NbO 3 (KNLN) lead-free piezoelectric single crystals. The effects of different kinds of seeds and additives on K 0.5 Na 0.5 NbO 3 (KNN)-based crystal growth were studied. It was found that ©100ª-oriented SrTiO 3 seed was inappropriate for growing KNLN single crystal, while ©100ª-oriented KTaO 3 one could act as a good seed. The inverse pole figure (IPF) showed that the epitaxial layer was indeed single crystal and oriented in the same ©100ª direction as the seed. Addition of 0.5 mol % ZnO, CuO and MnO 2 brought liquid phase in the samples and increased the diffusion rate of the atoms. This would finally enhance both the single crystal and the matrix grain growth. Among all the sintering additives, CuO could increase the matrix grain growth remarkably due to the assistance of the largest amount of the Na-deficient liquid phase, whose composition was time-independent. However, CuO was not the most effective one that can promote the single crystal growth. The reasons might be as follows: (1) the liquid accumulation at the interface of the single crystal/matrix lead to the liquid phase content exceeding the critical value in the CuO-added samples, which increased the diffusion distance and partly offset the enhanced diffusion rate; (2) the large matrix grains brought low driving force for crystal growth.
Introduction
In recent years, several categories of lead-free piezoelectric ceramics, such as BaTiO 3 (BT), Bi 0.5 Na 0.5 TiO 3 (BNT), and K 0.5 Na 0.5 NbO 3 (KNN) etc. have been extensively studied in an attempt to replace PZT-based piezoelectric ceramics due to the toxicity of PbO. 1),2) Among the lead-free candidates, KNN is deemed as the most potential candidate due to its good piezoelectric properties and high Curie temperature.
3),4) However, its properties are still not satisfied for device applications. Thus, many of efforts have been made to enhance the properties. One of the popular and effective approaches is chemical composition doping. Various dopants have been used to improve the properties of KNN ceramics, e.g. , Ti 4+ for B-site. 5 ), 6) However, Li + is the only dopant ion that can increase both the electrical properties and Curie temperature (T C ) of KNN ceramics. 5) By adjusting the content of K, Na and Li in (K,Na,Li)NbO 3 ceramics, excellent piezoelectric properties can be obtained. 7) Piezoelectric ceramics have grain boundaries and randomly oriented grains. Therefore, it is not easy for the domains in the ceramics to be aligned along the same direction when it is poled under an external DC field. This leads to inferior piezoelectric properties. Accordingly, it can be expected that the KNN-based single crystals with a certain crystallographic orientation may have better piezoelectric properties than their ceramics counterparts. 8),9) Recently, piezoelectric single crystals have been grown by a novel method, named solid-state crystal growth (SSCG) method. 10)14) Due to the low growth temperature, the composition of the KNN crystals can be easily controlled, especially for single crystals with volatile elements, such as K 2 O and Na 2 O.
Previously, we found that for solid-state growing KNN-based single crystals, the crystallographic orientation of the seeds and the amount of the sintering additive (e.g. MnO 2 ) were two significant influence factors. 14) However, the effects of different categories of seeds and additives on KNN-based crystal growth have not been reported yet. In present work, (K 0.45 Na 0.55 ) 0.94 -Li 0.06 NbO 3 (KNLN) single crystals were grown by SSCG method. Two kinds of perovskite single crystals (SrTiO 3 and KTaO 3 ) were employed as seeds, and the effects of different sintering additives (CuO, MnO 2 and ZnO) on the crystal growth were investigated.
Experimental procedure
Commercial Na 2 CO 3 (99.8%), K 2 CO 3 (99%), Li 2 CO 3 (98%) and Nb 2 O 5 (99.5%) were weighted according to the formula of (K 0.45 Na 0.55 ) 0.94 Li 0.06 NbO 3 . After planetary ball-milling, the powders were calcined at 850°C for 5 h. Then, the calcined precursor was divided into four batches. One batch was sand-milled directly (indicated as KNLN). The rest of them were sand-milled with addition of 0.5 mol % of CuO (99%), MnO 2 (97.5%), and ZnO (99%), respectively. They were denoted as KNLN0.5CuO, KNLN0.5MnO 2 and KNLN0.5ZnO. All the above-mentioned raw materials were purchased from Sinopharam Chemical Reagent Co., Ltd. and used without further purification.
©100ª-oriented SrTiO 3 and KTaO 3 crystal seeds (Hefei Kejing Materials Technology Co., Ltd., China) with dimensions of ³ 2 mm © 2 mm © 0.5 mm were buried in the sand-milled powders (matrix) and uniaxial pressed, followed by cold isostatically pressing at 200 MPa. To alleviate the volatilization of alkaline elements, the same compositional packing powders and doublecrucible method were simultaneously used. Subsequently, the samples were annealed at 1070°C with heating and cooling rates of 5°C/min.
The polished and thermal etched (1020°C for 30 min) crosssections of the sintered samples were characterized by a scanning electron microscope (SEM, JSM-6700F, Japan). The sizes of the grown single crystals were measured from the interface of KTaO 3 /single crystal to the interface of single crystal/matrix. The mean size of each crystal was measured for 20 times along the single crystal layer at different locations. An image analysis software (Image-Pro Plus 7.0, USA) was used to measure the 2D average matrix grain size of each sample. To convert the 2D value to 3D one, each datum was multiplied by 1.56.
15) The chemical compositions of the samples were measured by an energy-dispersive spectroscopy (EDS, Oxford Instruments, UK). In order to characterize the crystallographic orientation of the grown crystal, the inverse pole figure (IPF) based on electron backscattered diffraction (EBSD) was carried out by using an FEI Magellan 400 FESEM (FEI Ltd., Oregon, USA). Figure 1 shows the SEM micrographs of the interface between SrTiO 3 seeds and the polycrystalline ceramic matrix. The samples were annealed at 1070°C for 10 h. Crevices can be seen in Figs. 1(a), 1(c) and 1(d), regardless of the different addition of sintering additives, which indicates that KNLN hardly nucleate on the surface of SrTiO 3 . Although the matrix and the seed are tightly bonded in Fig. 1(b) , there is no crystal growth, indicating SrTiO 3 seed is not a proper candidate for growing KNLN single crystals in the current processing condition. Choi et al. 16) embedded the sintered SrTiO 3 ceramics in KNN powders by isostatic pressing under 200 MPa and annealed at 1100°C for 10 h. They found a similar crevice along the interface between SrTiO 3 and KNN, suggesting that SrTiO 3 was not a good template for fabricating textured KNN, either.
Results and discussion
It was reported that KNN-based single crystals without compositional segregation could be grown on the KTaO 3 seeds. 12), 16) Therefore, KTaO 3 seeds were also used in this study to grow KNLN single crystals, and to identify the effects of sintering additives on the crystal growth. Figure 2 shows the SEM micrographs of the grown single crystals using KTaO 3 as seeds. The samples were annealed at 1070°C for 10 h. The grown single crystals are grain-free but with a few pores, which are different from the polycrystalline ceramic matrix. There is no pore in the crystal seeds, which is a main character to differentiate them from the grown KNLN single crystals. In Fig. 2(a) , for the sample of pure KNLN, a single crystal layer of ³81¯m is grown on the ©100ª-oriented KTaO 3 seed. When CuO is added to the sample, the single crystal growth will increase to ³97¯m, as shown in Fig. 2(b) . The single crystal of 127¯m can be seen when MnO 2 was added [ Fig. 2(c) ]. Figure 2(d) shows the grown single crystal of KNLN0.5ZnO with a thickness of ³95¯m. Compare to CuO and ZnO sintering additives, it is found that MnO 2 is more effective to promote KNLN single crystal growth.
In order to investigate the crystallographic orientation of the grown crystals, the inverse pole figure (IPF) (Fig. 3) was obtained for a KNLN sample. The KNLN sample was sintered at 1070°C for 0 h. It is worth noting that the time of 0 h means heating a sample to the sintering temperature and cooling down immediately without holding time. The inset shows that the red Effect of seeds and sintering additives on (K,Na,Li)NbO 3 lead-free single crystals grown by a solid-state crystal growth method color represents the ©100ª direction for KTaO 3 . KTaO 3 has a cubic phase (Pm " 3m, a=b=c = 3.988 ¡, PDF No. 77-0917), where the ©001ª direction is equal with ©100ª direction. The epitaxial layer and the KTaO 3 seed crystal have the same red color, indicating the grown material is indeed single crystal and it has the same ©100ª direction as the seed. The curved pores inside the grown crystal are also obvious (green areas in the grown crystal). The ceramic matrix grains are varicolored, which means that they orient randomly. Figure 4 shows the change of average single crystal thickness with sintering time. The error bars are the standard deviation of the measurements for 20 times at different locations along the grown single crystal. For KNLN samples, the crystal sizes increase from 15 to 81¯m within 10 h. For the samples with CuO or ZnO additives, the crystal sizes are much larger than those of the KNLN samples. KNLN0.5MnO 2 samples have the largest crystal sizes. For all the samples, they show similar crystal growth trend, i.e., crystal growth is rapid within the initial 2 h, but slows down gradually. Figure 5 shows the SEM micrographs of the ceramic matrixes for the same samples shown in Fig. 2 . It can be seen that all the grains have angular shape (rectangle, square or triangle) instead of round-like morphology for all the samples. The ceramic matrixes with some pores inside have typical bimodal distribution of the grains, which is independent of the sintering additives. Plot of average grain sizes versus time for all the samples annealed at 1070°C is shown in Fig. 6 . The error bars are the standard deviation of the measurements for more than 100 grains. The plots of KNLN and KNLN0.5MnO 2 were also shown in our previous paper. 14) For KNLN samples, the average grain sizes become 8.1¯m in 10 h. For samples with ZnO or MnO 2 additives, both have an initial grain size of about 5.5¯m. The grain size of KNLN0.5ZnO become 7.8¯m after 10 h, while for KNLN0.5MnO 2 , the value is much larger, with a quantity of about 9.5¯m. Comparing to the other samples, KNLN0.5CuO samples have the largest grain sizes (from 6.9 to 10.0¯m) in the whole range of sintering period from 0 to 10 h. The average grain sizes of the samples with sintering additives can grow much larger than pure KNLN during the sintering process, especially for the samples with CuO additive. For all the compositions, the grain sizes increase with time, but the grain growth rates decrease with time on the contrary. Figure 7 shows the interface between the grown single crystal and the matrix of KNLN0.5CuO samples sintered for different periods of time. It can be seen that when the sintering time is less than 2 h, the interface is conspicuous but not strictly planar, as shown in Figs. 7(a) and 7(b) . This shape of the interface may be related to the morphology of the matrix grains. 17) Due to the grain impingement or the inhomogeneous solid/liquid interaction, the cubic-shape matrix is not easy to be obtained. This will finally lead to the occurrence of the curvature at the crystal/matrix interface. As shown in Fig. 7(c) , when the sintering time reaches 5 h, liquid phase (indicated by an arrow) surrounding the grains will be noticeable in the matrix, which is adjacent to the interface. Furthermore, the content of the liquid phase increases as the time reaches to 10 h, as shown in Fig. 7(d) .
The chemical compositions, analyzed by an EDS, of the same samples in Figs. 7(c) and 7(d) are given in Table 1 . Each datum represents the average value and standard deviation of the measurements for three points. The content of K or Na is normalized to the measured Nb concentration. According to the formula (K 0.45 Na 0.55 ) 0.94 Li 0.06 NbO 3 , the nominal values of K/Nb and Na/Nb of the matrix are 0.423 and 0.517, respectively. However, the measured values are a little smaller than the nominal ones, which may be due to the volatilization of alkaline elements during the sintering and thermal etching processes. For each sample in Table 1 , the K/Na ratio of the grown single crystal and that of the ceramic matrix are almost the same within the measurement error. However, these ratios (0.7640.814) are also lower than the nominal one (0.818), suggesting that K evaporates more violently than Na. Nevertheless, the K/Na ratio in the liquid phase, approximate 1.8, is different from those in the matrix and the single crystal. This ratio is time-independent, so it can be assumed that the liquid phase in each sample of KNLN 0.5CuO should be the same and Na-deficient. It was reported that when adding a certain amount of CuO into (K 0.5 Na 0.5 )NbO 3 (KNN), K 4 CuNb 8 O 23 (KCN) will be formed in the ceramics. 18) KCN has a relative low melting point (1050°C), so liquid phase will emerge during the sintering process. Because a little KNN will dissolve in the liquid phase, 12) Na can also be detected, as shown in Table 1 .
It has been discussed that, the crystal growth may be controlled by both the interfacial reaction and the diffusion, which means that the driving force for nucleation and the content of the liquid phase are the most significant factors to affect crystal growth.
14), 19) According to 2D nucleation mechanism, the crystal growth driving force ¦G d is given by 20) 
where £ sl is the solid/liquid interface energy, and R is the average grain size of the matrix. Therefore, the crystal growth rates decreasing with time for all the samples should be due to the decrease of ¦G d caused by the increase of R.
When adding a small amount of sintering additives, liquid phase will be formed to wet both the matrix grain boundaries and the single crystal/matrix interface. 14),21) It was reported that MnO 2 would be decomposed to MnO at a high temperature. 22) Therefore, the real additives used in this study are CuO, MnO, and ZnO, whose melting points are ³1150°C, 23) ³1790°C, 22) and ³1975°C, 24) respectively. According to the phase diagram of KNbO 3 NaNbO 3 , 4) it thus can be speculated that the amounts of liquid phase in the samples should have the following sequence: KNLN0.5CuO > KNLN0.5MnO 2 > KNLN0.5ZnO > KNLN. When the amount of the additive is not more than the critical value where further increasing the additive content will otherwise decrease the single crystal/grain growth rate, the single crystal/grain growth rate will increase with the additive. For the MnO 2 added samples, the critical value is about 1 mol %, as discussed in our previous work. 14) In this study, the additive amount of MnO 2 is 0.5 mol % which is much less than 1 mol %. Therefore, the amount of the liquid phase in KNLN0.5MnO 2 samples, as well as in KNLN0.5ZnO and KNLN samples, is too small to decrease the single crystal growth and ceramic matrix grain growth. This will finally lead to the crystal growth sizes and average grain sizes developing in the following sequence: KNLN0.5MnO 2 > KNLN0.5ZnO > KNLN, as shown in Figs. 4 and 6 . The average grain sizes of KNLN0.5CuO samples are larger than those of KNLN0.5MnO 2 samples (Fig. 6) , indicating the amount of the liquid phase in KNLN0.5CuO samples is not enough to decrease the ceramic matrix grain growth, either. However, as shown in Fig. 4 , the single crystal sizes of KNLN0.5CuO samples are smaller than those of KNLN0.5MnO 2 samples. To explain this, two possible reasons separately related to the liquid phase and the matrix grain size should be taken into account. (1) Although, the amount of the liquid phase in the ceramic matrix of KNLN0.5CuO is small, liquid phase accumulation happens at the interface between the grown single crystal and the matrix due to the fast moving rate of the interface, as shown in Fig. 7 . Comparing to KNLN 0.5MnO 2 , KNLN0.5CuO samples have more liquid phase. Therefore, the content of the liquid phase at the single crystal/ matrix interface in KNLN0.5CuO samples may be larger than the critical value. This will partly offset the increase of diffusion rate by increasing the diffusion distance of the atoms and finally reduce the crystal growth.
25) (2) The matrix grain sizes of KNLN0.5CuO samples are larger than those of KNLN 0.5MnO 2 (shown in Fig. 6 ). According to Eq. (1), this will lead to lower driving force for crystal growth and the smaller grown crystal size. Therefore, more liquid phase and larger matrix grain sizes in the KNLN0.5CuO samples may finally lead to smaller crystal sizes than those in the KNLN0.5MnO 2 .
Conclusions
Single crystals of (K 0.45 Na 0.55 ) 0.94 Li 0.06 NbO 3 (KNLN) were grown by a solid-state crystal growth (SSCG) method. ©100ª-oriented KTaO 3 and SrTiO 3 single crystals were used as template seeds due to their similar perovskite structure to KNN-based materials. It was found that single crystals could not be grown on the surface of SrTiO 3 , while ©100ª-oriented crystals with some pores can be prepared successfully by using KTaO 3 seeds. 0.5 mol % ZnO, CuO and MnO 2 were used as sintering additives, and their effects on the single crystals and the matrix were inves- tigated. Adding sintering additives could effectively increase the matrix grain growth and the single crystal growth on account of the increase of diffusion rate by the formation of liquid phase. Due to the different melting points of the additives, the amounts of the liquid phase in the samples may have the following sequence: KNLN0.5CuO > KNLN0.5MnO 2 > KNLN0.5ZnO > KNLN, which leads to the average grain sizes decrease in the same order. However, MnO 2 was the most pronounced one to accelerate crystal growth instead of CuO. This may be due to two reasons: (1) The large amount of the Nadeficient accumulated liquid phase at the interface of the matrix/ single crystal in KNLN0.5CuO increases the diffusion distance, which partly offset the increasing of the diffusion rate; (2) The large matrix grain sizes of KNLN0.5CuO decrease the driving force for crystal growth.
